We report on the observation of temperature and field dependent anomalous Nernst effect (ANE) in Ni-rich bulk Ni-Co-Mn-Sn full Heusler alloy. A large change in the transverse Nernst coefficient (N) is obtained across the first order magnetostructural transition from a tetragonal martensite to a cubic austenite phase. The saturation of ANE and magnetic data appear to depend largely on the magnetic anisotropy of the device. Such change in the Nernst co-efficient may prove to be useful for switching applications controlled by temperature and magnetic field changes.
I. Introduction
Effects of thermal gradients (ΔT) and magnetic fields on magnetic materials have significantly advanced the field of spincaloritronics in the past few years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Anomalous Nernst effect (ANE) has recently received a significant amount of attention as an alternative means of evaluating thermoelectric devices for a part of future applications. 2, [11] [12] [13] In the Nernst Effect, thermally excited charge carriers get deflected in the transverse direction of the magnetization due to the Lorentz force while moving to the colder side. Although, the conversion efficiency of heat to transverse thermopower is still small, one can use the waste heat and convert it for spincaloritronic applications. The origin of ANE and the anomalous Hall Effect (AHE) are very similar. 12, 14 An applied ΔT moves the carries in ANE whereas; an electrical bias is necessary in case of AHE to move the carriers in the direction perpendicular to the magnetization of the device. The longitudinal Seebeck coefficient (S xx ) can be described using the Mott's relation 15 
where, ρ is the bulk resistivity, σ xy is the transverse electrical conductivity and α xy is the transverse thermal conductivity which can also be derived using the Mott's relation as 12 Fig. 1(a) ). 30, 35 Its off-stoichiometric compositions can undergo a FOMST to a tetragonal martensite structure on cooling ( Fig. 1(b) ), and this transition involves a significant change in the magnetic, electrical and thermal transport properties. 26, 28, 34, 36, 37 Typically, the magnetization increases sharply with the increase in temperature across the transition due to the increase in ferromagnetic interactions between the inter-site Mn atoms. The resistivity has an opposite dependence and decreases drastically on increasing the temperature across the FOMST. The ANE is expected to be proportional to the magnetization and inversely proportional to the resistivity, and thus, one can expect a giant enhancement in V ANE across the FOMST. The structural transition of full Heusler alloys can be tuned by temperature, field and hydrostatic pressure, and thus, any change in these aforementioned parameters across the FOMST would be expected to significantly alter the ANE properties of full Heusler alloys. This could provide an avenue for spin-caloritronic applications for low current to high current fast switching and vice versa. Here, we report on the ANE as measured in a bulk Ni-rich Ni 46.5 Co 2 Mn 37 Sn 14.5 Heusler alloy as a function of temperature, ΔT and magnetic field. A dramatic increase of the ANE is observed across the FOMST in this system. A systematic comparison has also been carried out with the magnetic measurements. Interestingly, the ANE is found to show a preference of easy direction which mimics the anisotropy exhibited by the magnetization of the device.
III. Experimental details
The details of the preparation and characterization of Ni 46.5 Co 2 Mn 37 Sn 14.5 (NCMS) Heusler alloy is already mentioned elsewhere. 33 The sample was cut using an IsoMet Buehler low speed saw to form a rectangular shape of dimension 9×4.5×1 mm 3 . The magnetic properties of the sample were measured using a magnetic property measurement system (MPMS, Quantum Design). The resistivity and ANE were measured using a homemade setup for temperature and field dependent spin-caloritronic measurements. The setup comprises of an Advanced Research System (ARS) made closed cycle refrigerator (CCR) which can be operated from ~10 K to 320 K, a Lakeshore 340 temperature controller, a Keithley nano-voltmeter (model 2812A), an
Agilent source meter (model 2400) and an electromagnet with an upper field limit of 2 kOe. Therefore, the induced V ANE appears along the length (L X ) of the device. The signal is normalized using the equation Across the FOMST, the increase in magnetization of the NCMS enhances the ANE.
III. Results and discussion
Moreover, resistance of the device drops significantly (more than 50%) during the structural transition which gives rise to a change in order of magnitude for normalized ANE. Furthermore,
we have estimated N of our sample just below and after the structural transition using the following equation
where, µ 0 H is the applied magnetic flux density. N increases from ~0.03 µVK -1 T -1 to ~0.13 µVK -1 T -1 during the structural transition from martensite to austenite. The change in N across the magneto-structural transition is one order of magnitude. This can be useful for switching purposes where a spintronic circuit can be turned to high current state from a low current state and vice versa by changing the temperature. The same can also be achieved by the use of a magnetic field as a tuning parameter, since these alloys are known to exhibit field induced phase transitions from the martensitic to austenite phases. 38, 39 The inset of Fig. 3(b) shows the thermal gradient dependence of normalized V ANE at 295 K and 20 K under 1 kOe magnetic field, and the observed linearity of V ANE with ΔT is consistent with the equationÃ NE V T M  . At 20 K, the ANE signal has drastically dropped due to the decreased magnon-electron scattering and the increased coercivity of the NCMS which does not allow us to drive the sample to saturation within our given field limit.
The ZFC isothermal magnetic hysteresis loop at 75 K is plotted in Fig. 4(a) . Fig. 4(b) represents the ZFC field dependent normalized V ANE for NCMS at 75 K. In the martensite phase, the saturation field is high due to large magneto-crystalline anisotropy and ferrimagnetic nature of the NCMS. Thus, the loops do not saturate completely. The ZFC hysteresis loops look symmetric with respect to the magnetic field axis, which confirms the absence of any EB in low field (≤ 2 kOe). configurations. Magnetic anisotropy in systems like the one which we are investigating could arise from contributions from the magnetocrystalline anisotropy, uniaxial anisotropy, stress anisotropy, and shape anisotropy. 40 At room temperature, the crystallographic structure is cubic, and hence the uniaxial contribution would be expected to be absent. Since the devices being investigated are polycrystalline in nature, the contribution from the magnetocrystalline anisotropy would also average out to a large extent. However, the strain fields frozen in the ingot during the recrystallization process could contribute to the effective magnetic anisotropy. Prior density-functional theory (DFT) calculations have indicated that within the cubic phase, the Ni 2 MnSn system has the highest elastic anisotropy factor amongst all the members of the extended Ni2MnM (with M = Al, Ga or Sn) family. 41 A schematic diagram is given in Fig 3(a) which represents the sample preparation technique using arc-melting and subsequent processing of the samples for device preparation. We have prepared the device by cutting the ingot as shown in Fig. 3(a) . In addition, the shape anisotropy arising due to geometry dependent demagnetization factors could also play an important role. The final device is observed to have its easy magnetization direction along the length (as shown in Fig. 3(a(iv) )). Our measurements show that the V ANE in AB configuration also saturates quickly as the magnetic field is applied along L X of the device which is the easy direction. 42, 43 This can be very useful for spintronic circuits where the same device can provide two different ANE responses depending on the direction of the applied thermal gradient and the magnetic field. 
III. Conclusion
In summary, we have systematically studied the anomalous Nernst effect in Ni 46.5 Co 2 Mn 37 Sn 14.5 full Heusler alloy. The spincaloric measurements appear to mimic the magnetic data. The Nernst coefficient increases by one order of magnitude across the magnetostructural transition, which can be very useful for controlled switching applications by changing the temperature and magnetic field. The magnetic anisotropy of the device is seen to affects the spincaloric property significantly in different orientations.
